In this study precursor derived SiOC/MoSi 2 composites were evaluated with respect to their potential for the application as glow plug material. In a first step, fully dense composite materials with different fractions of electrical conductive MoSi 2 were fabricated by field-assisted sintering technique (FAST). The percolation threshold, where the electrical properties change from insulating to a suitable level of conduction depends on the microstructure, which can be controlled by the initial particle size of the used SiOC particles. It becomes principally possible to fabricate both, the insulating part and the heater material with the same MoSi 2 content and therefore without thermal mismatch. Room temperature properties, high temperature strength, oxidation and creep behaviour depend strongly on the MoSi 2 volume fraction. MoSi 2 contents beyond the percolation threshold lead to significantly enhanced creep rates. At high temperatures, reactions between SiOC and MoSi 2 can be observed, which differ at the air exposed surface and in the interior of the samples. From these findings, an upper limit for the application temperature can be derived.
Introduction
In the last 40 years polymer-derived ceramics (PDC) obtained high interest in the production of Si-based advanced ceramics. 1) Focus is on silicon based PDCs, due to their special properties, such as low density, high temperature stability regarding crystallization, oxidation and creep behaviour. PDCs are manufactured of polymeric precursors, which contain ceramic forming elements. An additional advantage is that particle size can be easily controlled by conventional milling techniques. Therefore, a desired microstructure of sintered parts can be derived.
2) Complex shapes can be realized with PDCs by using polymer-forming techniques. The challenge of producing monolithic and dense samples lies in compensation of the shrinkage and weight loss during pyrolysis. By the use of MoSi 2 particles as filler, shrinkage can be reduced 3) and furthermore, the conductivity of the composite can be tailored. In general, MoSi 2 is an attractive material for high temperature applications in oxidizing atmospheres, especially when a high electrical conductivity is required. 4) Its outstanding oxidation resistance is a result of the formation of a glassy SiO 2 film, which forms a protective layer when the material is exposed to an oxidizing atmosphere at high temperatures (above 800°C). 5), 6) In the temperature range around 400 to 800°C, however, it comes to active oxidation. This so called pest oxidation correlates with the porosity in that way, that denser materials are less susceptible. 7) Above 800°C, the diffusion rate of Si is sufficiently high to form SiO 2 on the outer surface. 8) For that reasons, MoSi 2 was patented for the use as an electric resistance heating device for high temperature furnaces. 9 ),10) But, like most of the intermetallics, MoSi 2 exhibits decreased strength and creep resistance at elevated temperatures. Despite its weak mechanical properties and pest oxidation problems, MoSi 2 composites are becoming important elevated temperature structural materials for application in oxidizing and aggressive environments. 11 24) the performance of a glow plug made of Si 3 N 4 /SiC/ MoSi 2 by injection moulding in terms of heat-up characteristics and operation temperature. They show that with a suitable design, high heating rates of up to 500 K/min and maximum temperatures of 1350°C are possible. Further results on this topic are given by Yamada et al. 16) They investigated high temperature mechanical properties of Si 3 N 4 /MoSi 2 and Si 3 N 4 /SiC composites with network structures of second phases with respect to their use in glow plugs. They found that based on a Si 3 N 4 /MoSi 2 glow plug developed by DENSO, the reliability and high temperature strength was drastically increased by improving the heat resistance of the Si 3 N 4 grain boundary. Also, they report that cellular Si 3 N 4 /SiC composites having a network structure of SiC particles were found to show improvements in high temperature mechanical properties or both thermal and electrical properties without substantially reducing the strength. Instead of using this wellknown high performance structural ceramics, in our work SiOC/ MoSi 2 composites are proposed as glow plug material. In com-parison to Si 3 N 4 or SiC, SiOC does not show the outstanding structural properties, but it is quite inexpensive and comparably easy to process. In this work we report the fabrication of fully dense SiOC/MoSi 2 composite materials with different fractions of MoSi 2 without any further fillers. The fabrication of electrical insulating and conductive parts having the same volume fraction of conductive MoSi 2 is shown. Due to that fact, the thermal expansion coefficient should be quite similar. But since the microstructure differs, the mechanical properties are affected. Results on room temperature properties, high temperature strength, oxidation and creep behaviour are presented.
Experimental procedure
The precursor used in this work was a commercial polymethylsilsesquioxane (Belsil MK Powder, Wacker Chemie AG, Burghausen, Germany). In the first heat treatment step, crosslinking took place with evaporating H 2 O, solvent and lowmolecular siloxanes. After two hours at 250°C, the MK powder converted into a thermoset. Thereafter the thermoset was ball milled for one hour in a planetary mill (pulverisette 5, Fritsch GmbH, Idar Oberstein, Germany) with 10 mm Si 3 N 4 grinding balls in a Si 3 N 4 grinding chamber at 300 r/min. In the second heat treatment step, the milled thermoset was slowly heated up to 900°C in flowing argon and kept there for 30 min for the pyrolysis. Due to milling, the pyrolysis was improved by the increased powder surface. The weight loss after heat treatment came to 20 percent. The amorphous SiOC was again ball milled for one hour. In a second processing route the milling time was four hours in an attrition mill with a polyamide grinding chamber with 3 mm Si 3 N 4 grinding balls at 1000 r/min. This processing route with the higher milling intensity will be referred to as route II, and the lower milling intensity as route I. The SiOC powder was mixed with various amounts of MoSi 2 (Grade C, H.C. Starck GmbH, Goslar, Germany), ranging from 17 up to 53 vol.-%.
The powder mixture was filled in cylindrical graphite dies of 20 or 60 mm diameter. After pressurizing to 20 MPa axial stress, the mixture was sintered using a field-assisted sintering furnace (HPD-25/1, FCT Systeme GmbH, Rauenstein, Germany). In principle, FAST is a hot pressing technique where DC electric pulses are used for heating while simultaneously a uniaxial pressure is applied. The heating and cooling rates were 17.5 K/min and 30 K/min respectively with a holding time of 15 min at 1500°C under a uniaxial pressure of 21 MPa for SiOC and 26.5 MPa for SiOC/MoSi 2 composites. Further details of fieldassisted sintering of SiOC-ceramics are described by Esfehanian et al. 25) By this method discs of 20 mm diameter and 23 mm thickness and discs of 60 and 34 mm thickness were produced. Bending specimens of 4 © 3 © 45 mm were directly prepared from the 60 mm diameter hot-pressed discs.
Samples formed by hot pressing were analyzed by XRD (D500 diffractometer, Siemens AG, Munich, Germany) to determine the crystalline phases. The microstructure of the composites was investigated by means of optical microscopy and scanning electron microscopy (Stereoscan 440s, Leica Microsystems GmbH, Wetzlar, Germany). Density was measured by the Archimedes method as described in DIN 51918. The electrical resistivity at room temperature was investigated by a 4-point-tester and the strength by 4-point-bending tests according to DIN EN 658-3 using a load controlled universal testing machine (Model 10T, UTS Testsysteme GmbH, Ulm, Germany) with a 4-point-bearing and rollers (diameter 3 mm) made of steel with an outer/inner span of 40/20 mm. The tensile stress was calculated by
Whereupon F is the load, L is the distance between the outer rollers, l is the distance between the inner rollers, h is the height of the specimen and b its width. The high temperature strength was examined by a 4-point-bending test according to EN 820-1:2002 at 900, 1100 and 1300°C using a load controlled universal testing machine (type 1362, Instron Deutschland GmbH, Pfungstadt, Germany) utilized with a vertical furnace (GERO GmbH & Co. KG, Neuhausen, Germany). The thermal expansion coefficient of SiOC and SiOC/MoSi 2 composites was measured on bulk samples by a differential dilatometer (DIL 802, Bähr-Thermoanalyse GmbH, Hüllhorst, Germany).
The creep behaviour of SiOC and SiOC/MoSi 2 composites was examined with a flexural creep test at temperatures between 900 and 1300°C at applied loads ranging from 20 up to 100 MPa. The tests were carried out in ambient atmosphere using a load controlled testing machine (Amsler DSM 6101, Zwick GmbH & Co. KG, Ulm, Germany) utilized with a vertical furnace. Bending was done in a SiC-4-point-bearing with an outer/inner span of 40/20 mm, allowing a maximum deflection of 4.2 mm. The nominal tensile creep stress · was calculated employing Eq. (1). The deflection f(t) of the bending bar was measured in the middle of the bar and the time depending creep strain ¾(t) was calculated approximately by a geometric consideration of the pure bending part.
26)
The specimens were first heated up to the desired temperature and then the load was applied. After every four hours the temperature was increased in steps of 100 K, if the maximum deflection was not reached or the bending bar had not failed.
Results and discussion

Room temperature properties
The absolute density for the pure and dense SiOC is 2.31 g/cm 3 , which is in agreement with the work of Esfehanian et al. 25) and Schell et al., 27) even if the samples in their work were sintered at a higher temperature of 1600°C. Hence the decreased sintering temperature of 1500°C has no significant influence on the density. Different amounts of MoSi 2 were added to the SiOC-powder obtained by route I and route II. The SiOC/MoSi 2 composites were free of pores and reached relative densities of 98.8%.
Due to the milling intensities, the resulting particle size distribution, Table 1 , and thus the resulting microstructure after sintering at 1500°C differs. The SiOC-particles of route I with a medium particle size of 19.2¯m are almost three times bigger than of route II with a medium particle size of 6.5¯m. This difference in size can be clearly seen in the composites microstructure, where the volume fraction of MoSi 2 is 30 vol.-%. Coarse SiOCclusters with an inhomogeneous MoSi 2 distribution are detected in the microstructure of route I, see on the left of Fig. 1 . A homogeneous arrangement of MoSi 2 -particles in the SiOC-matrix is formed for route II, (Fig. 1 on the right) . Figure 2 shows the Fig. 1 . In the homogenous microstructure of route II a higher amount of MoSi 2 particles is needed to form electrically conductive paths through the matrix. These results show that by adjusting the SiOC particle size the electrical resistivity of the composite can be controlled.
Ageing at elevated temperatures and electrical resistivity
To investigate the oxidation behaviour and its influence on the electrical resistivity, SiOC and SiOC/MoSi 2 composites were aged at temperatures between 500 and 1300°C for 64 h. Phase changes and different electrical properties could be found at the surface and the interior.
The as sintered SiOC sample had an amourphous X-ray pattern with no significant peaks. After annealing at 900 and 1100°C there are no phase changes detectable at the surface, see Fig. 3 . The X-ray pattern shows two characteristic peaks for the SiOC sample for annealing temperature of 1300 C. The broad peak near 2ª µ 22°is attributed to the short-range order in amorphous silica. The second peak near 2ª µ 36°is related to the nanoscale dimensions of ¢-SiC crystallites. The crystallization of both phases increase with temperature. Mantzel et al. 28) found that above 1000°C the metastable matrix of SiOC transforms to stable SiO 2 and SiC, which was detected within their XRD spectra. XRD spectra of the SiOC/MoSi 2 composites after annealing at high temperatures are depicted in Fig. 4 , indicating crystalline phases of MoSi 2 , ¢-SiC and Mo 4.8 Si 3 C 0.6 . Again, the peak near 2ª µ 22°is related to silica, which can only be detected at temperatures above 1100°C, see Fig. 4 . The phase changes detected via XRD after annealing at 1100 and 1300°C resulted in different microstructures on the sample surfaces, see Fig. 5 . After aging the formation of oxidation layers with thicknesses up to 5¯m are detected on the surface of the composites. This observation is in good agreement with the work of Lee et al. 29) The difference in the microstructure has an influence on the structure of these layers. For composites of route I the formation of oxidation layers is not as strong as for route II composites below annealing temperatures of 1000°C. The chemical reactions follow Eq. (3) and the formation of MoO 3 impedes the development of a dense protective SiO 2 layer. 30) This is probably due to the inhomogeneous microstructure with MoSi 2 -clusters that hinder the reactivity because of the reduced interface between MoSi 2 and the surrounding oxygen. With increasing temperature at 1100°C, Mo 5 Si 3 is generated and a SiO 2 -layer may be formed as observed in XRD spectra (Fig. 4) , according to Eq. (4).
The oxidation behaviour of route II composites follows already at low annealing temperatures Eq. (4). For the route II composites, a homogenous layer is formed at 700°C, but it has small cracks that are closed at 900°C. This can also be explained by the homogenous distribution of MoSi 2 in the microstructure. For route II composites, the amount of Mo 4.8 Si 3 C 0.6 is higher and therefore more SiO 2 is formed. The observed oxidation behaviour is in accordance to the results of Lee at al. 29 ),31) and Bundschuh et al. 32) The composites obtained of both routes show at 1300°C precipitations that cause cracks in the oxide layer, see Fig. 5 . The dispersions seem to be in the vicinity of surface near MoSi 2 -particles, which explains the different surface of the composites. Hager et al. 33) report the positive effect of MoSi 2 as a filler in a SiOC-matrix. They conclude that at high temperatures the oxidation leads to self-healing of cracks within the SiOC/MoSi 2 composite.
To investigate the influence of aging on the electrical conductivity, the electrical resistivity of the annealed composites was measured on both, the surface and in the interior. The results are depicted in Fig. 6 for the samples with compositions above and below the percolation concentration. The results for the pure SiOC are for both processing routes similar, therefore only the results for SiOC of route I are shown. In all composites, a high specific electrical resistivity was measured on the surface. In the interior of the composites, the electrical conductivity remains unaffected. This confirms that remarkable oxidation mechanisms take place only at the surface. In comparison, the electrical resistivity for composites above percolation concentration of route II (50 vol.-% MoSi 2 ) is with 10 ¹3 ³*cm one order smaller than for composites of route I (30 vol.-% of MoSi 2 ). Due to a homogenous MoSi 2 distribution through the matrix of route II composites, there are more electrical conductive paths then in the case of route I composites.
Comparison of bending strength at room temperature and at elevated temperatures
The mechanical properties were tested for samples produced by route I below and above the percolation threshold. Below percolation means a volume content of Mosi 2 of 17 vol.-%, denoted as composite A. Exemplary for samples above the percolation threshold, samples with 30 vol.% MoSi 2 , composite B, were tested.
Bending strength was measured at different temperatures between room temperature and 1300°C. The results are depicted in Table 2 . It is observed that the bending strength of SiOC increases with increasing temperature up to 1100°C. At 1300°C the strength is reduced by half. This behaviour may be explained by the different thermal expansion coefficient of the amorphous and crystalline SiOC-phases. This thermal mismatch probably causes stresses or even small cracks, reducing the bending strength. The composites have a higher strength than SiOC at room temperature, but at 900 and 1100°C their strength is similar or less than SiOC. At 1100°C the increased MoSi 2 -content has little influence on the bending strength for the composites, see Table 2 . The strength could not be measured at temperatures above 1100°C for the composites because the specimens did not break, but deformed plastically. This may be explained by the pronounced creep behaviour of MoSi 2 at elevated temperatures. It is supposed that for the composites MoSi 2 leads to pronounced creep above 1100°C. 
Thermal expansion coefficient and creep behaviour
The coefficient of thermal expansion (CTE) of SiOC is measured to 2.1 *10 ¹6 K ¹1 , which is almost doubled by adding MoSi 2 . Also, the influence of the amount of MoSi 2 can be clearly seen. By increasing the MoSi 2 content from 17 to 30 vol.-percent the CTE is increased by 14%, as shown in Table 2 .
The creep behaviour of composite A is shown in Fig. 7 . Up to 1100°C negligible deformation is detected. At these temperatures stationary creep is assumed. Whereas at 1200°C and above the strain increases. This strong temperature dependence is for all materials (SiOC and composites) on small loads the same. Rouxel et al. 34) reported a similar behaviour of solgel derived SiOC. When the specimens are loaded with small stresses, the SiOC matrix determines the creep behaviour. Beyond 1200°C, the added MoSi 2 enhances the creep rate drastically.
This can also be seen in Fig. 8 . At a bending stress of 40 MPa the creep rates are for all three materials almost the same. An increased stress level has a minor influence on SiOC; therefore the creep rates increase only by half an order when the stress is doubled. Whereas the addition of MoSi 2 leads to a pronounced increase of the creep rates up to one and a half orders.
As visible from the Arrhenius plot, see Fig. 9 , at a stress of 60 MPa and at lower temperatures (below 1100°C), small MoSi 2 contents reveal a stabilizing impact on the creep resistance. Temperatures above 1300°C and MoSi 2 contents beyond the percolation threshold lead to significantly enhanced creep rates. Hence, this high creep rate explains the strong deformation at the bending strength tests; this can be clearly seen at the specimens shown in Fig. 10 .
At temperatures between 1000 and 1200°C the activation energy is for SiOC 127 kJ/mol, which is smaller than those reported by Rouxel et al. 35) (296 kJ/mol) and Papendorf et al. 36) (283 kJ/mol). This divergence lays mainly in the different creep experiments (bending vs. compressive creep) and partly in the varied preparation process, the diverse sintering temperatures and supposable different microstructures. The SiOC has presumably a change in the activation energy above 1000°C as shown in Fig. 9 . This change can be explained by the microstructure of the SiOC matrix, which consists of two interpenetrating continuous networks. The viscous silica continuous phase and the elastic carbon network have different influence on the activation energy. Ionescu et al. 37) found that the carbon network decreases the activation energy and that at higher temperatures the viscous silica phase dominates the creep behaviour. The activation energy for the SiOC/MoSi 2 -composites was higher; 206 and 220 kJ/mol for 17 and 30 vol.-percent MoSi 2 , respectively.
Conclusion
With increasing MoSi 2 content, the electrical resistivity decreases but the percolation threshold, where the electrical properties change from insulating to a suitable level of conduction, also strongly depends on the microstructure. By adjusting the milling intensity, the particle size of the pyrolyzed SiOC-powder can be controlled. Therefore, the microstructure of the composite can be tuned in such way, that electrical conductive and insulating composites can be prepared with the same volume content of MoSi 2 . For example, in the glow plugs manufacture, SiOC/ MoSi 2 composites with the same MoSi 2 content (around 2630 vol.-percent) can be employed by combining composites of route I for the heating layer and route II for the insulating shaft. Even at high temperatures the electrical conductivity will remain unchanged in the interior of the heating layer and there will be no thermal mismatch between the two components. In general, considering the high temperature investigations, the composites should be used below 1300°C to avoid enhanced creep rates and cracks in the oxidation layers.
